Abstract-The adaptive directional lifting-based wavelet transform (ADL) locally adapts the filtering directions to the local properties of the image. In this letter, instead of using the conventional interpolation filter for the directional prediction with fractional-pel accuracy, a new two-dimensional nonseparable adaptive interpolation filter is proposed. The adaptive filter is calculated for every fractional-pel direction so as to minimize the energy of the prediction error. The tradeoff between reducing the prediction error and the overhead to code the interpolation filter is discussed. This enables coding gains of up to 0.98 dB, compared to ADL coder, and up to 2.4 dB, compared to the JPEG 2000 for typical test images.
I. INTRODUCTION
T HE discrete wavelet transform (DWT) has become a powerful technique for image compression [1] . Typically, the two-dimensional (2-D) DWT used in these coders is applied as a separable transform by cascading two 1-D transforms, which are along the vertical and the horizontal directions. The main shortcoming of this transform is that it fails to provide an efficient representation for edges and textures, which are not aligned along these two directions. It would result in a large amount of signal energy in high-pass subbands. As a result, the ringing effects around edges can be observed clearly at low bit rates.
Lifting structure is an efficient and popular implementation of wavelet transforms [2] . Using lifting structure, several adaptive wavelet transforms, which adapt the filtering directions to the orientations of edges and textures, have been proposed [3] , [4] . Since the constrained direction selection approaches are designed such that they can be reliably repeated at the decoder, these methods do not need to explicitly signal the filtering directions to the decoder. However, this leads to a reduction of direction accuracy. No significant improvement on objective quality measurement over traditional 2-D DWT was obtained.
Recently, new approaches that adaptively select filtering directions using lifting structure have been developed, for example, [5] - [8] . Different from the direction selection methods of the adaptive transforms mentioned above, the directions are accurately determined by minimizing the prediction error energy and explicitly signaled to the decoder. These approaches have gained significant objective and subjective quality improvements for images with rich textures. Fractional-pel direction resolutions, such as 1/4-pel in [5] and 1/2-pel in [6] , are achieved by the use of interpolation. In [5] and [6] , truncated Sinc interpolation filters are applied to interpolate the values of pixels at fractional positions to perform the fractional-pel predictions. However, the truncated Sinc filter is not the optimal choice of interpolation schemes for the images affected by aliasing, suffering from blurred details, and artifacts around edges [9] . In this case, the directional prediction technique becomes less efficient, and thus, the coding efficiency is reduced.
In this letter, a 2-D adaptive filter, similar to the adaptive interpolation filter for video coding [10] , [11] , is developed and seamlessly integrated into the directional wavelet transform to perform the fractional-pel prediction. Due to its adaptability to local image features, the directional prediction is improved, especially for the regions of edges and textures. Thus, the coding performance of the adaptive directional wavelet transform can be improved.
This letter is organized as follows. Section II presents the general scheme of the ADL transform in [5] , while the proposed 2-D nonseparable adaptive filter for directional wavelet transform is described in Section III. In Section IV, the overhead for coding the filter coefficients is considered as a rate-distortion (R-D) optimization problem. Section V shows experimental results, and Section VI concludes this letter.
II. ADAPTIVE DISCRETE LIFTING-BASED WAVELET TRANSFORM
In this section, we briefly review the general scheme of the ADL presented in [5] . The 2-D wavelet transform is generally separated into two 1-D wavelet transforms. Without loss of generality, we only describe the ADL transform in the vertical direction. It is shown in [2] that each 1-D wavelet transform can be factored into one or multiple lifting stages. A typical lifting stage consists of three steps: split, predict, and update. Let be a 2-D image. First, all samples are split into two subsets, one consisting of all samples at even rows and the other one consisting of all samples at odd rows, i.e., (1) Then, the samples at the odd rows are predicted from the neighboring samples at the even rows. The resulting prediction residuals, or high-pass subband coefficients, are calculated as follows: (2) 1070-9908/$25.00 © 2008 IEEE where is the predicting value, which is generated along a selected direction such that the magnitude of the residual is minimized. The candidate directions with 1/4-pel accuracy are shown in Fig. 1 . The prediction along the direction is given by (3) where is given by the wavelet kernel adopted, and is not necessarily sampled at an integer position. The truncated Sinc filter is applied to produce the pixel values at fractional positions. Finally, the samples at even rows are updated along the same direction as that in the prediction step. Consequently, the updating signal of the even rows samples is given as (4) By updating the values of odd rows, the low-pass signal can be found as follows: (5) Since ADL can locally adapt the prediction direction to the geometric flow in the image, most of the large coefficients in the high-pass subbands are eliminated. This leads to significant objective and subjective quality improvements for images with directional contents.
III. DIRECTIONAL WAVELET TRANSFORM WITH NONSEPARABLE 2-D ADAPTIVE INTERPOLATION
In order to improve the efficiency of the fractional-pel prediction, a new nonseparable 2-D adaptive filter scheme is developed. It is shown in [5] that the coding gains of the 1/4-pel accuracy prediction are slightly better than those of 1/2-pel accuracy prediction. Thus, 1/3-pel accuracy prediction can be adopted, reducing the number of fractional-pel directions from 6 to 4, as shown in Fig. 2 . For every 1/3-pel direction, an individual set of coefficients is analytically calculated to perform the prediction. Without loss of generality, we only illustrate the prediction along the direction 2. As shown in Fig. 3 , the sam- ples are weighted by the coefficients of a 2-D 4 4 -taps filter to generate a prediction value for the fractional-pel direction 2. The set of pixels are selected as neighboring integer pixels along the 1/3-pel accuracy directions. For all fractional-pel directions, the filter coefficients are calculated so as to minimize the prediction error energy. However, for integer pixel directions, i.e., directions 0, 1, 4, 7, and 8, there are integer pixels along these directions, and thus, there is no need for interpolation.
Let us assume that are coefficients of a 2-D 4 4 -taps filter used for a fractional-pel direction. Then the fractional-pel prediction value is computed as follows: (6) where
are pixel values at integer position, , as shown in Fig. 3 . The high-pass subband coefficients are (7) where are the pixel values at the odd rows which are illustrated as gray dots in Fig. 3 .
The update step followed the prediction step is carried out along the same direction with the same filter coefficients as that in the prediction step. Therefore, the updating signal of the samples at the even rows are given as (8) where are the corresponding coefficients in the high-pass subband.
The directional lifting transform with adaptive filters is performed in the following steps. 1) Initial prediction directions are estimated using the 8-taps Sinc filter for interpolation purpose for the image to be coded. Among nine candidate directions, one that yields the minimal prediction error is selected, as the direction estimation presented in [5] .
2) The 2-D filter coefficients are calculated for each fractional-pel direction independently by minimization of the prediction error energy, i.e., (9) where are the values of pixels at the odd rows, are integer pixel values at even rows, is the selected fractional-pel direction, and operator is a floor function, which round the fractional value to the nearest integer value. All the blocks, which share the same fractional-pel direction, are used to perform the error minimization. The minimization problem (10) can be solved by the standard least-square method.
3) New prediction directions are estimated with the adaptive filters computed in step 2, and then the adaptive directional wavelet transform is performed. This step enables reduction of the signal energy of the high-pass subbands. Thus, the coding efficiency can be improved. In order to adapt the filter coefficients to the new prediction directions, Steps 2 and 3 are repeated until a predefined quality improvement threshold is achieved. Since the encoder and decoder should use the same filters to ensure a perfect reconstruction, the filter coefficients have to be coded and transmitted as side information.
In this work, filter coefficients, corresponding to directions 2, 3, 5, and 6, have to be transmitted. However, the coding gain brought by adaptive 2-D filters can be drastically reduced due to the high overhead. In order to reduce the side information, the number of adaptive 2-D filters is reduced from 4 to 2 by considering the symmetry of statistical properties of an image signal, e.g., direction 2 and 6 can share one filter. The symmetry of the filter-kernels itself is also considered to reduce the number of coefficients of an adaptive 2-D filter from 32 to 16. As a result, only two adaptive 2-D filters have to be calculated and only 32 coefficients have to be transmitted.
Since the adaptive interpolation filters have to be computed for every input image, the computation complexity of the proposed transform is considerable larger than that of ADL transform. However, the inverse proposed transform is slightly more expensive than the inverse ADL transform since the interpolation filter coefficients are transmitted as side information. Thus, the proposed image compression method may be suitable for some internet and wireless applications, which allow offline image compression to achieve best rate distortion performance while ensuring real-time decoding.
IV. R-D OPTIMIZED ADAPTIVE INTERPOLATION FILTER
For an image with low-frequency characteristics, the Sinc filter might be an approximately ideal filter for most parts of the image. On the other hand, for the low spatial resolution image, the use of adaptive interpolation filter results in too expensive overhead for coding filter coefficients. In order for this new image codec to benefit from the adaptive filter, a R-D optimization scheme is developed to make a tradeoff between the cost of coding the filter coefficients and the reduction of signal energy of the high-pass subbands. Similar to the work presented in [5] , the input image is recursively partitioned into blocks of variable sizes by an optimal quad-tree which minimizes the following cost function: where is the distortion of the full quad-tree, is the rate of the full quad-tree, and is a predefined Lagrangian multiplier which depends on reconstruction quality of interest. Considering the additional overhead for filter coefficients, the cost function is modified to be (12) where is the rate of the filter coefficients. To decide whether the image signal is interpolated using adaptive or Sinc filters, three steps are carried out: In the first step, the image is partitioned using Sinc filter for the interpolation purpose and the R-D cost function is calculated using (11) . In the second step, the adaptive filter coefficients are calculated for the entire image, as described in the previous section. In the last step, applying the adaptive filter for fractional-pel prediction, the image is partitioned and the R-D cost is calculated again using (12). Then for the coded image, using the Sinc filter and the adaptive filter, the R-D costs are compared. If the adaptive filter outperforms the Sinc filter with respect to the R-D cost, the adaptive filter is chosen. Otherwise, Sinc filter is used for this transform.
V. EXPERIMENTAL RESULTS AND OBSERVATION
The adaptive 2-D interpolation for ADL transform (referred to as ADL-Adaptive) is integrated into the reference software VM9.0 of JPEG 2000. We compare the coding performance resulting from the proposed ADL-Adaptive scheme with that from the ADL scheme presented in [5] . The JPEG 2000 which uses conventional separable 2-D DWT implemented in VM9.0 is also compared. The JPEG 2000 testing images, Barbara (512 512), Lena (512 512), and Air3 (1024 1024), are used in this experiment. All experimental results are done with the 5/3 wavelet filter. The filter coefficients of ADL-Adaptive transform are uniformly quantized to 12 bits and a simple fixed length coding scheme is applied. Fig. 4 presents the parts of the decoded Barbara images by the three approaches, all at 0.3bpp. Compared with the JPEG 2000 coder, both the ADL and ADL-Adaptive coders reconstruct the textures of the trousers very well, and they greatly reduce the ringing effects around edges. It can be observed that the textures on the trousers and edges of the arm produced by ADL-Adaptive coder are sharper and less distorted by ringing effects than those produced by ADL coder. The compression performances for the test images are shown in Fig. 5 . For all test images, both ADL-Adaptive coder and ADL coder outperform JPEG 2000 at all bit-rates. The ADL-Adaptive coder outperforms ADL coder up to 0.6 dB for Barbara, 0.20 dB for Lena, and 0.98 dB for Air3. The coding gain for Lena is much smaller than those for other test images. It can be explained as follows. The adaptive filter is designed to improve the efficiency of directional prediction for high-frequency regions of the image signal. Linear interpolation, such as Sinc function, might be an approximately ideal filter for the images with low-frequency characteristics, leaving little room for improvements. In this case, adaptive filter is not chosen by RDO. Thus, the proposed image codec is especially suitable for the images with high-frequency characteristics.
VI. CONCLUSIONS
A 2-D nonseparable adaptive filter for the ADL wavelet transform is presented. The adaptive filter is seamlessly integrated into the ADL wavelet transform to perform the fractional-pel prediction. The calculation of the filter coefficients is carried out analytically on the bias of minimizing the prediction error energy of the current image. Thus, the efficiency of the directional prediction is improved, especially for the local image structures, such as sharp edges, and textures. Experimental results demonstrate the effectiveness of the adaptive filter, which can further improve the coding performance of the ADL wavelet transform. A further improvement could be obtained if an efficient entropy coder is employed to code the filter coefficients. This will be done in future work.
